Investigation of Maize streak virus Pathogenicity Determinants Using Chimaeric Genomes  by Martin, D.P. & Rybicki, E.P.
Virology 300, 180–188 (2002)Investigation of Maize streak virus Pathogenicity Determinants Using Chimaeric Genomes
D. P. Martin and E. P. Rybicki1
Department of Molecular and Cell Biology, University of Cape Town, Private Bag, Rondebosch, 7701 Western Cape, South Africa
Received November 26, 2001; returned to author for revision December 24, 2001; accepted March 11, 2002
Genes and intergenic regions were reciprocally exchanged between a highly pathogenic Maize streak virus (MSV) isolate
(MSV-MatA) and three less pathogenic isolates (MSV-Kom, MSV-R2, and MSV-VW) to determine the contribution of individual
genome constituents to MSV pathogenicity in maize. Comparison of disease symptoms produced by the 54 resulting
chimaeras and parental viruses enabled identification of genome constituents that are primarily responsible for the
heightened pathogenicity of MSV-MatA in maize. Whereas pathogenicity determinants were detected in all of the MSV
genomic regions examined, generally only chimaeras containing the MSV-MatA long intergenic region, coat protein gene,
and/or movement protein gene were more pathogenic than the milder MSV isolates from which most of their genomes were
derived. The pathogenicity of chimeras was strongly influenced by the relatedness of their parental viruses and evidence waseen bo
volutioINTRODUCTION
Maize streak virus (MSV) is the type member of the
Mastrevirus genus of the family Geminiviridae and is the
causal agent of maize streak disease, the most important
disease of maize in sub-Saharan Africa (Bosque-Perez,
2000). Five distinct MSV Strains (tentatively named
MSV-A, -B, -C, -D, and -E) have currently been identified
(Rybicki et al., 1998; Willment et al., 2001; Martin et al.,
2001) but of these only MSV-A causes severe disease in
maize (Martin et al., 2001). While less than 4% nucleotide
sequence diversity has been detected among MSV-A
isolates across the entire African continent (Briddon et
al., 1994; Willment et al., 2001; Martin et al., 2001), differ-
entially pathogenic MSV-A genotype groupings with dif-
ferent geographical distributions have been identified
(Martin et al., 2001).
As with other mastreviruses, MSV has a small, single-
component, circular, single-stranded DNA genome con-
taining four ORFs and two intergenic regions (Fig. 1)
(Rybicki et al., 2000). All of MSVs ORFs and intergenic
regions are absolutely required for it to produce symp-
tomatic infections in maize (Boulton et al., 1989) and even
small alterations in the nucleotide sequences of these
genome constituents can impact significantly on the
pathogenicity of mutant viruses (Boulton et al., 1989,
1991a,b; Liu et al., 2001b; Schneider et al., 1992; Shen
and Hohn, 1991, Willment, 1999). Studies of mutant MSV
genomes have revealed that modified pathogenicity phe-
1© 2002 Elsevier S
All rights reservenotypes can often be related to the alteration of either
essential amino acid (aa) sequences within gene prod-
ucts (Boulton et al., 1989; Kotlitzky et al., 2000; Liu et al.,
1997, 1999, 2001b), or highly conserved nucleotide se-
quences involved in replication or transcription (Boulton
et al., 1991a; Schneider et al., 1992; Willment, 1999).
These studies have, however, also revealed that appar-
ently minor nucleotide sequence alterations that do not
obviously affect gene products or regulatory sequences
can also significantly impact the pathogenicity of mutant
genomes (Boulton et al., 1991a; Shen and Hohn, 1991).
Although mutational studies have provided interesting
insights into molecular aspects of MSV pathogenicity,
they have yielded no information on exactly how the
minor nucleotide sequence diversity among naturally
occurring MSV isolates results in the differential patho-
genicity of these isolates. Here we describe the identifi-
cation of nucleotide sequence determinants responsible
for the differential pathogenicity of natural MSV isolates
in maize. We constructed a series of chimaeric genomes
which contained different combinations of genes (move-
ment, coat, and replication-associated protein genes, or
MP, CP, and Rep, respectively) and intergenic regions
(long and short intergenic regions, or LIR and SIR, re-
spectively) from a highly pathogenic MSV-A isolate (MSV-
MatA), two moderately pathogenic MSV-A isolates (MSV-
Kom and MSV-R2), and an extremely mild MSV-B isolate
(MSV-VW). We quantified the pathogenicity of 54 result-
ing chimaeras in differentially MSV-resistant maize ge-
notypes and used these data to determine the individual
contributions of the various genomic constituents to thefound of nucleotide sequence-dependent interactions betw
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RESULTS
Viability of chimaeric and mutant genomes
Three groups of recombinant genomes were con-
structed and are referred to hereafter as MSV-MatA/Kom,
MSV-MatA/R2, and MSV-MatA/VW chimaeras. Each
group contained a set of 18 chimaeric genomes consist-
ing of nine pairs of reciprocal gene and/or intergenic
region recombinants of MSV-MatA and either MSV-Kom,
MSV-R2, or MSV-VW (a complete description of these
chimaeras can be found on our website: http://www.
uct.ac.za/depts/microbiology/Chimera/FigA.htm). The nine
pairs of chimeras produced in each group (where X refers
to either VW, R2, or Kom) were as follows: (1) MP recom-
binants(MatMPX/XMPMat);(2)CPrecombinants(MatCPX/
XCPMat); (3) MP  CP recombinants (MatMPCPX/X-
MPCPMat); (4) LIR recombinants (MatLIRX/XLIRMat); (5)
LIR  MP  CP recombinants (MatLIRMPCPX/XLIRM-
PCPMat); (6) SIR recombinants (MatSIRX/XSIRMat); (7)
SIR  MP CP recombinants (MatMPCPSIRX/XMPCP-
SIRMat); (8) LIR  SIR recombinants (MatLIRSIRX/XLIR-
SIRMat); and (9) Rep recombinants (MatRepX/XRepMat).
From left to right chimaera names had the following form:
(i) the name of the major parental or background se-
quence; (ii) the name(s) of the genomic feature(s) derived
from the minor parental genome; (iii) the name of the
minor parental genome.
All the chimaeras could infect and produce streak symp-
toms in sweet corn. Examples of the symptoms they pro-
duced may be viewed on our website (http://www.uct.
ac.za/depts/microbiology/Chimera/FigB.htm). Construc-
tion of MSV-MatA/R2 SIR and Rep chimaeras required
introduction of a restriction site into MSV-R2 (Fig. 1).
Seedlings agroinoculated with the resulting mutant
(MSV-R2B) developed symptoms at a similar rate to
seedlings agroinoculated with MSV-R2, and both viruses
induced indistinguishable stunting and chlorotic area
symptoms in both sweet corn (a MSV sensitive maize
genotype) and PAN6099 (a MSV tolerant maize genotype;
data not shown).
Of the three pathogenicity measures used in this
study, chlorotic leaf area assessments, in general, pro-
vided the best data for statistically differentiating be-
tween chimaeras. Unlike infection rate and stunting as-
sessments, analysis of chlorotic leaf areas also provided
information on disease progression. We have therefore
focused on chlorotic leaf areas as our primary measure
of pathogenicity.
The virulence properties of the virion-sense genes
(MP and CP)
The virion-sense genes of MSV-MatA apparently con-
tain the major sequence elements responsible for this
isolate being more pathogenic in maize than MSV-Kom,
-R2, and -VW. Thus KomMPMat, R2MPMat, and
R2MPCPMat produced greater chlorotic areas and de-
grees of stunting in symptomatic sweet corn plants than
did MSV-Kom and MSV-R2 (Fig. 2A, panels 2:1, 2:2, and
4:2, respectively; Fig. 2B); R2MPMat and R2MPCPMat
were almost as pathogenic as MSV-MatA. Whereas
KomMPCPMat had a lower infection rate, induced sig-
nificantly less stunting, and initially produced smaller
chlorotic areas than wt MSV-Kom in sweet corn, by leaf
6 it was producing greater chlorotic areas than wt MSV-
Kom (Fig. 2A, panel 4:1).
Of these MP and MPCP chimaeras, however, only
KomMPMat retained its ability to produce greater chlo-
rotic areas than wt MSV-Kom in PAN6099 (Fig. 2A, panel
2:4). While R2MPCPMat and MSV-MatA had indistin-
guishable infection rates, induced similar degrees of
stunting, and produced nearly identical chlorotic areas
on leaves 3 and 4 in infected PAN6099, chlorotic areas
produced by R2MPCPMat decreased sharply after leaf 4
so that they were smaller than those produced by
MSV-R2 on leaf 6 (Fig. 2A, panel 4:5, Fig. 2B). MatMP-
Kom, MatMPR2, and MatMPCPR2 produced substan-
tially smaller chlorotic areas in both sweet corn and
PAN6099 than did wt MSV-MatA (Fig. 2A, panels 2:1, 2:2,
and 4:1, respectively). However, only in the case of Mat-
MPR2 and MatMPCPR2 were these reductions in chlo-
rotic areas also coupled with a significantly reduced
infection rate and degree of stunting in symptomatic
plants relative to MSV-MatA (Fig. 2B). Corresponding
with only a marginal altered pathogenicity of KomMPCP-
FIG. 1. A linear representation of a circular MSV genome indicating
gene organisation and the positions of restriction enzyme sites used
during chimaera construction. MP  movement protein gene. CP 
coat protein gene. SIR  short/small intergenic region. C2  the 3
portion of the replication-associated protein gene. RepA  the 5
portion of the replication-associated protein gene. LIR  long/large
intergenic region. Fortuitously arranged restriction enzyme sites en-
abled exchange of these genome constituents between MSV-MatA and
MSV-Kom, -R2 and -VW: A  AsuII, B  BglII, N  NcoI, Ns  NsiI, X 
XmaI. When cloning the MSV-MatA/Kom and MSV-MatA/R2 chimaeras,
site Y  EcoRI, and Z  XbaI. When cloning the MSV-MatA/VW
chimaeras, site Y XbaI and Z EcoRI, SalI, or XmaI. Sites in bold are
unique to MSV-VW. The underlined site is absent in wt MSV-R2 and had
to be introduced by site-directed mutagenesis. The labels beneath the
restriction map indicate the names of the DNA fragments exchanged
during chimera construction. Indicated within the LIR is the position of
the stem loop structure at the origin of ()-strand replication.
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Mat relative to MSV-Kom in sweet corn, the reciprocal
chimera, MatMPCPKom, produced only slightly smaller
chlorotic areas than did MSV-MatA (Fig. 2A, panel 4:1). In
PAN6099, however, MatMPCPKom produced substan-
tially smaller chlorotic areas (particularly by leaf 6) than
did MSV-MatA (Fig. 2A, panel 4:4)
While VWMPMat did not produce significantly greater
chlorotic areas on the leaves of symptomatic plants than
did MSV-VW (Fig. 2A, panel 2:3), it had a higher infection
rate and induced significantly more stunting in sweet
corn (Fig. 2B). VWCPMat in sweet corn produced both
significantly more stunting and slightly greater chlorotic
areas than did MSV-VW (Fig. 2A, panel 3:3; Fig. 2B).
However, VWMPCPMat produced far greater chlorotic
areas and slightly more stunting than did MSV-VW,
VWMPMat, and VWCPMat (Fig. 2A, compare green plot
in panel 4:3 with green plots in panels 2:3 and 3:3).
Conversely, compared to MSV-MatA in sweet corn, Mat-
MPVW produced slightly smaller chlorotic areas and less
stunting, while MatCPVW and MatMPCPVW were re-
markably less infectious and produced much reduced
stunting and chlorotic areas (Fig. 2A, blue plots in panels
2:3, 3:3, and 4:3, respectively; Fig. 2B).
The virulence properties of the LIR
The LIR of MSV-MatA also contains sequence ele-
ments that are partially responsible for this isolate being
more pathogenic than MSV-Kom. However, while the
MSV-MatA/Kom chimaera, KomLIRMat, produced signif-
icantly greater chlorotic areas in sweet corn than did
MSV-Kom (Fig. 3A, panel 1:1), the analogous MSV-
MatA/R2 chimaera, R2LIRMat, was significantly less in-
fectious and produced smaller chlorotic areas than
MSV-R2 in both sweet corn and PAN6099 (Fig. 3A, panels
1:2 and 1:5, respectively; Fig. 2B). It therefore appears
that the MSV-MatA LIR interacts poorly with some other
part of the MSV-R2 genome. To identify the nature of this
interaction, it was necessary to investigate the pathoge-
nicity of chimaeras containing paired genome replace-
ments. Both KomLIRMPCPMat and R2LIRMPCPMat pro-
duced chlorotic symptoms that were almost indistin-
guishable from those of MSV-MatA in sweet corn (Fig.
3A, panels 2:1 and 2:2), indicating that the pathogenic
properties of the LIR are probably influenced by se-
quences within the MP and/or CP genes. It appears,
however, that host factors may also be involved in this
interaction because R2LIRMPCPMat was substantially
less pathogenic than MSV-MatA in PAN6099 and even
produced smaller chlorotic areas than MSV-R2 on leaves
5 and 6 (Fig. 3A, panel 2:5). In PAN6099 KomLIRMPCP-
Mat induced less stunting, had a slightly lower infection
rate, and produced slightly smaller chlorotic areas than
MSV-MatA (Fig. 3A, panel 2:4; Fig. 3B).
From examination of MatLIRR2 and MatLIRKom, it is
apparent that the MSV-R2 LIR functions better in the
maize genotypes tested than does the MSV-Kom LIR.
Whereas MatLIRKom had a much lower infection rate
and produced substantially smaller chlorotic areas than
wt MSV-MatA in both sweet corn and PAN6099 (Fig. 3A,
panels 1:1 and 1:4; Fig. 3B), MatLIRR2 induced approxi-
mately the same degree of stunting as MSV-MatA and
produced chlorotic areas on leaves 4 through 6 that were
FIG. 2. The pathogenicity of movement protein gene (MP), coat protein gene (CP), and MPCP chimaeras. (A) The chlorotic areas produced in
symptomatic sweet corn (a MSV-susceptible maize genotype) and PAN6099 (a MSV-tolerant genotype) infected with either chimaeric or wt genomes.
Genomes containing predominantly MSV-MatA, -Kom, -R2, and -VW sequences are in blue, orange, pink, and green, respectively. Broken lines
representing the chlorotic areas produced by wt viruses are presented for comparative purposes. Error bars represent 95% confidence intervals
(Student’s t test). (B) Infection rates (IR) and stunting (1  S; both calculated as described in the text) induced by wt and chimaeric viruses. Colours
and error bars are as described for (A). Note that whereas infection rates, stunting, and the chlorotic areas on leaves 2 and 3 were determined
between 14 and 15 dpi, the chlorotic areas of leaves 4, 5, and 6 were determined 22, 29, and 35 dpi, respectively.
FIG. 3. The pathogenicity of LIR and LIR  MP  CP chimaeras. (A) The chlorotic areas produced in symptomatic sweet corn (a MSV-susceptible
maize genotype) and PAN6099 (a MSV-tolerant genotype) infected with chimaeric viruses. Chimaeras containing predominantly MSV-MatA, -Kom, -R2,
and -VW sequences are in blue, orange, pink, and green, respectively. Broken lines representing the chlorotic areas produced by wt viruses are
presented for comparative purposes. In certain cases the names of chimeras presented within each of the panels have been abbreviated due to
space constraints (for example, MatLIRMPCPKom has been abbreviated to MLIRMPCPK in panel 2:4). Error bars represent 95% confidence intervals
(Student’s t test). (B) Infection rates (IR) and stunting (1  S; both calculated 15 dpi as described in the text) induced by wt and chimaeric viruses.
Colours and error bars are as described for (A). Note that whereas infection rates, stunting, and the chlorotic areas on leaves 2 and 3 were determined
between 14 and 15 dpi, the chlorotic areas of leaves 4, 5, and 6 were determined 22, 29, and 35 dpi, respectively.
FIG. 4. The pathogenicity of SIR, SIR  MP  CP, LIR  SIR, and Rep chimaeras. (A) The chlorotic areas produced in symptomatic sweet corn
(a MSV-susceptible maize genotype) and PAN6099 (a MSV-tolerant genotype) infected with chimaeric viruses. Chimaeras containing predominantly
MSV-MatA, -Kom, -R2, and -VW sequences are in blue, orange, pink, and green, respectively. Broken lines represent the chlorotic areas produced by
viruses that differ from those represented by solid lines in the origin of their SIR sequences—for example, whereas the solid blue and orange lines
in panel 3:1 represent chlorotic areas produced by MatLIRSIRKom and KomLIRSIRMat, respectively, the broken blue and orange lines in that panel
represent chlorotic areas produced by MatLIRKom and KomLIRMat, respectively. In certain cases the names of chimaeras presented within each of
the panels have been abbreviated due to space constraints (for example, MatMPCPSIRKom has been abbreviated to MMPCPSIRK in panel 2:4). Error
bars represent 95% confidence intervals (Student’s t test). (B) Infection rates (IR) and stunting (1  S; both calculated 15 dpi as described in the text)
induced by wt and chimaeric viruses. Colours and error bars are as described for (A). Note that whereas infection rates, stunting, and the chlorotic
areas on leaves 2 and 3 were determined between 14 and 15 dpi, the chlorotic areas of leaves 4, 5, and 6 were determined 22, 29, and 35 dpi,
respectively.
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indistinguishable from those produced by MSV-MatA in
both maize genotypes (Fig. 3A, panels 1:2 and 1:5; Fig.
3B). In sweet corn, MatLIRMPCPKom and MatLIRM-
PCPR2 produced chlorotic areas similar to those pro-
duced by MSV-Kom and MSV-R2, respectively (Fig. 3A,
panels 2:1 and 2:2). In PAN6099, however, MatLIRMPCP-
Kom produced smaller chlorotic areas than those pro-
duced by MSV-Kom, while the chlorotic areas on leaves
infected by MatLIRMPCPR2 reached those produced by
MSV-MatA on leaves 5 and 6 (Fig. 3A, 2:4 and 2:5,
respectively). The differential pathogenicity of MatLIRM-
PCPR2 relative to MSV-R2 in sweet corn and PAN6099
again implies the existence of a host-specific modifica-
tion of the interaction between sequences in the MSV-R2
LIR and the MSV-MatA MP and/or CP genes.
VWLIRMat produced significantly smaller chlorotic ar-
eas than did MSV-VW in sweet corn and, similar to
MSV-VW, was not infectious in PAN6099 (Fig. 3A, panels
1:3 and 1:6, respectively; Fig. 3B). VWLIRMPCPMat, how-
ever, produced slightly more severe symptoms than did
VWMPCPMat in sweet corn and, similar to VWMPCPMat,
produced mild symptoms in PAN6099 (compare green
plots in Fig. 3A, panels 2:3 and 2:6 with Fig. 2A, panels
4:3 and 4:6, respectively; Fig. 3B). Considering the ap-
parent interactions between the LIRs and the MP and/or
CP genes of MSV-MatA and -R2, it is perhaps surprising
that MatLIRVW and MatLIRMPCPVW were not substan-
tially less fit than they were determined to be. While both
MatLIRVW and MatLIRMPCPVW were, respectively, less
pathogenic than MSV-MatA and MatMPCPVW in both
sweet corn and PAN6099 (Fig. 3A, panels 1:3 and 2:3),
the differences in chlorotic areas, stunting, and infection
rates were only slight. The chlorotic areas produced by
MatLIRVW were similar to those produced by Mat-
LIRKom in sweet corn and were significantly greater than
those produced by MatLIRKom in PAN6099 (Fig. 3A,
compare blue plots panels 1:1 and 1:4 with green plots in
panels 1:3 and 1:6, respectively).
The virulence properties of the SIR and
complementary-sense ORFs (RepA and C2)
The genomic region that apparently had the least
influence on MSV pathogenicity in maize was the SIR.
MSV-MatA/Kom and MatA/R2 chimaeras differing in only
their short intergenic regions (MatSIRX and MatA, XSIR-
Mat and X, MatMPCPSIRX and MatMPCPX, XMPCPSIR-
Mat and XMPCPMat, MatLIRSIRX and MatLIRX, XLIRSIR-
Mat and XLIRMat, MatRepX and XLIRMPCPMat, and
XRepMat and MatLIRMPCPX, where X is either Kom or
R2) were equally infectious and produced indistinguish-
able chlorotic area and/or stunting symptoms in sweet
corn and PAN6099 (Fig. 4).
For the MatA/VW chimaeras differing in only their SIRs,
significant reductions in chlorotic areas were produced
in sweet corn by MatSIRVW relative to MSV-MatA, Mat-
MPCPSIRVW relative to MatMPCPVW, MatLIRSIRVW rel-
ative to MatLIRVW, MatRepVW relative to VWLIRMPCP-
Mat, and VWRepMat relative to MatLIRMPCPVW (Fig. 4A,
panels 1:3, 2:3, 3:3, 4:3). While VWSIRMat only produced
smaller chlorotic areas than MSV-VW on leaf 3 (Fig. 4A,
panel 1:3), chlorotic areas produced by VWMPCPSIRMat
and VWLIRSIRMat were indistinguishable from those
produced by VWMPCPMat and VWLIRMat, respectively
(Fig. 4A, panels 2:3 and 3:3). The infection rates achieved
in sweet corn by VWSIRMat, VWLIRSIRMat, VWMPCP-
SIRMat, and MatRepVW (all containing a MSV-MatA SIR
and a MSV-VW Rep; Fig. 4B) did not differ significantly
from those achieved by MSV-VW, VWMPCPMat (Fig. 2B),
VWLIRMat, and VWLIRMPCPMat (Fig. 3B; all containing
the MSV-VW SIR and Rep), respectively. However, the
infection rates in sweet corn of MatSIRVW, MatMPCP-
SIRVW, MatLIRSIRVW, and VWRepMat (all containing the
MSV-VW SIR and MSV-MatA Rep; Fig. 4B) were signifi-
cantly reduced relative to those of MSV-MatA, Mat-
MPCPVW (Fig. 2B), MatLIRVW, and MatLIRMPCPVW (Fig.
3B; all containing the MSV-MatA SIR and Rep), respec-
tively.
In PAN6099, MatSIRVW and MatLIRSIRVW produced
substantially less streaking than did MSV-MatA and Mat-
LIRVW (Fig. 4A, panels 1:6 and 3:6), respectively.
Whereas MatMPCPVW, VWMPCPMat, and VWLIRMPCP-
Mat were able to produce symptoms in PAN6099, no
detectable symptoms were produced in this maize ge-
notype by MatMPCPSIRVW, VWMPCPSIRMat, and
VWRepMat (Fig. 4).
Factors determining the maize host genotype
limitation of MSV-VW
MSV-VW, similar to all other MSV-B isolates currently
described, is unable to infect the moderately MSV-resis-
tant maize genotype, PAN6099 (Martin et al., 2001). MSV-
MatA/VW chimaeras were tested for their ability to pro-
duce symptoms in PAN6099 to identify the genomic con-
stituents responsible for the inability of MSV-VW to infect
this maize genotype. All MSV-MatA/VW chimaeras that
contained one MSV-VW and four MSV-MatA genomic
regions (MatLIRVW, MatMPVW, MatCPVW, MatSIRVW,
and MatRepVW; Figs. 2, 3, and 4) were able to produce
symptoms in PAN6099 indicating that no single MSV-VW
genomic constituent is solely responsible for its inability
to produce symptoms in this host. Chimaeras containing
more than one MSV-VW genomic region which produced
very mild symptoms in PAN6099 were MatMPCPVW,
VWMPCPMat (Fig. 2B), MatLIRMPCPVW, VWLIRMPCP-
Mat (Fig. 3B), and MatLIRSIRVW (Fig. 4B). The latter two
genomes were the only ones which contained predom-
inantly MSV-VW sequences. With the exception of Mat-
LIRVW, MatMPVW, and MatSIRVW, the symptoms pro-
duced by all MSV-MatA/VW chimaeras in PAN6099 were
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extremely mild, and chlorotic areas on individual leaves
never exceeded 5%.
DISCUSSION
MSV-MatA is an example of the most widely distrib-
uted and pathogenic maize-infecting MSV-A genotype
grouping yet discovered (Martin et al., 2001). This isolate
and its near relatives therefore have genomes that are
likely to contain what are among the most highly maize-
adapted MSV sequences that have yet evolved. Our
primary aim was to identify the genomic features respon-
sible for the extreme virulence of MSV-MatA in maize.
Toward this end, we exchanged MSV-MatA genomic
constituents with three less virulent MSV isolates and
quantified the pathogenicity of the resulting chimaeric
viruses. Apart from defining MSV-MatA pathogenicity de-
terminants, these investigations also identified poorly
maize-adapted MSV-Kom, -R2, and -VW genomic constit-
uents and provided substantial genetic evidence for ex-
tensive functional interactions between MSV genomic
constituents.
The minimum portion of the MSV-MatA genome able
to confer MSV-MatA-like pathogenicity to MSV-MatA/
Kom and MSV-MatA/R2 chimaeras differed between both
the two groups of chimaeras and the two maize geno-
types in which they were examined. Replacing the
MSV-R2 MP with that of MSV-MatA was sufficient to
produce a chimaera (R2MPMat) that was almost as
pathogenic as MSV-MatA in sweet corn. To achieve a
similar result in sweet corn with a MSV-MatA/Kom chi-
maera, it was necessary to replace the LIR, MP, and CP
of MSV-Kom to produce KomLIRMPCPMat. In PAN6099,
however, no predominantly MSV-R2- or MSV-Kom-de-
rived chimaera consistently produced MSV-MatA-like
symptoms. While these data suggest that MSV-MatA is
more virulent than MSV-R2 and MSV-Kom in sweet corn
due to unique sequences in its LIR, MP, and CP, either
host factors alone or an interaction between host factors
and sequences in the MSV-MatA Rep and/or SIR also
contribute to the greater pathogenicity of this isolate in
PAN6099.
The individual contributions of MSV-MatA’s LIR, MP,
and CP to its pathogenicity are difficult to determine. A
functional interaction between the MSV-MatA MP and
CP could explain why in sweet corn VWMPCPMat in-
duced far greater chlorotic areas than VWMPMat and
VWCPMat. Because direct binding of the MSV MP and
CP has been demonstrated (Kotlizky et al., 2000; Liu et
al., 2001a), it likely that this apparently synergistic inter-
action between the MSV-MatA MP and CP reflects a
direct aa sequence-specific MP-CP interaction. It cannot,
however, be discounted that specific nucleotide se-
quences within the MSV-MatA MP that are absent in the
MSV-VWMPs may be required for optimal MSV-MatA CP
expression. The CP promoter contains the entire MP
gene and has been mapped to a region 530 nucleotides
upstream of the CP start codon (Fenoll et al., 1988, 1990).
There is also evidence of a functional interaction be-
tween the MSV-MatA LIR and MP. In sweet corn, the
MSV-MatA LIR in KomLIRMat, and the MSV-MatA MP in
KomMPMat, can apparently increase the pathogenicity
of these chimaeras relative to wt MSV-Kom in the ab-
sence of any other MSV-MatA sequences. In PAN6099,
however, the individual contributions of these genomic
regions in the absence of other MSV-MatA sequences
are either slight (KomMPMat) or undetectable (KomLIR-
Mat). Whereas the MSV-MatA-like pathogenicity of
KomLIRMPCPMat in sweet corn could simply be the
additive result of this chimaera having individually im-
proved LIR and MP sequences, its significantly in-
creased pathogenicity relative to MSV-Kom in PAN6099
(where these sequences are not individually better than
MSV-Kom sequences) is possibly the result of a syner-
gistic interaction between the MSV-MatA sequences
within KomLIRMPCPMat.
Interaction between the MSV LIR and MP and/or CP
sequences was also detected among the MSV-MatA/R2
and MSV-MatA/VW chimaeras. Unlike the enhancement
of pathogenicity observed with KomLIRMat relative to wt
MSV-Kom, R2LIRMat and VWLIRMat are both signifi-
cantly less pathogenic than MSV-R2 and MSV-VW, re-
spectively. However, in sweet corn, R2LIRMPCPMat is as
pathogenic as R2MPCPMat and VWLIRMPCPMat is
slightly more pathogenic than VWMPCPMat, indicating
that pathogenicity can be recovered and even enhanced
when the MSV-MatA MP and CP are present together
with the MSV-MatA LIR.
While these results suggest that sequences within the
MSV LIR functionally interact with sequences in the MSV
virion-sense genes, they do not indicate whether it isMP
or CP alone, or MP and CP sequences together, that are
involved in this interaction. There is, however, evidence
from the MatA/R2 chimeras that the interaction is be-
tween the LIR and MP. MatCPR2 is as pathogenic as
MSV-MatA. It is unlikely therefore that the MSV-MatA LIR
interacts negatively with the MSV-R2 CP and it follows
that it is probably a negative MSV-MatA LIR-MSV-R2 MP
interaction that is responsible for R2LIRMat being less
pathogenic than wt MSV-R2.
There is, however, one slight problem with this
scheme. The difference in pathogenicity between
MSV-R2 and chimeras containing both the MSV-MatA
LIR and the MSV-R2 Rep (MatRepR2, R2LIRMat,
R2LIRMPCPMat, and R2LIRSIRMat) is much greater in
PAN6099 that it is in sweet corn. However, the difference
in pathogenicity between MSV-R2 chimeras containing
both the MSV-R2 LIR and the MSV-MatA Rep (MatLIRR2,
MatLIRMPCPR2, MatLIRSIRR2, and R2RepMat) is either
the same in both sweet corn and PAN6099 (MatLIRR2,
MatLIRSIRR2, and R2RepMat) or greater in sweet corn
than it is in PAN6099 (MatLIRMPCPR2). This indicates
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that, in PAN6099, there is possibly a negative functional
interaction between the MSV-MatA LIR and the MSV-R2
Rep that either does not occur or is not detectable in
sweet corn.
Different SIR sequences only had a detectable effect
on the pathogenicity of the MSV-MatA/VW chimaeras. In
these chimaeras there is apparently a negative func-
tional interaction between the MSV-MatA Rep and the
MSV-VW SIR. With all chimaeras containing the MSV-
MatA Rep and the MSV-VW SIR (MatSIRVW, MatLIR-
SIRVW, MatCPMPSIRVW, and VWRepMat), there were
both substantial reductions in infection rates and de-
creases in chlorotic areas produced in symptomatic
plants relative to related chimaeras containing MSV-
MatA SIR sequences. However, in VW chimaeras con-
taining the MSV-VW Rep and MSV-MatA SIR there were
either no (VWMLIRSIRMat, VWMPCPSIRMat, Mat-
RepVW) or only minor (VWSIRMat) decreases in patho-
genicity relative to related chimaeras containing the
MSV-VW SIR.
The inability of MSV-VW to symptomatically infect
PAN6099 is probably due to a combination of sequences
within its CP, SIR, and Rep. Replacing any one of these
genome constituents with their MSV-MatA counterparts
(VWCPMat, VWSIRMat, and VWRepMat) was, however,
not enough to enable a symptomatic infection of
PAN6099. Conversely, predominantly MSV-MatA chimae-
ras containing any one of these constituents from
MSV-VW (MatCPVW, MatSIRVW, and MatRepVW) pro-
duce symptoms—albeit extremely mild—in PAN6099,
implying that none of the constituents absolutely pre-
cludes infection of this maize genotype. VWMPCPMat
and VWLIRMPCPMat contain both the MSV-VW Rep and
the SIR and both chimeras are able to symptomatically
infect PAN6099. This implies that the MSV-VW CP prob-
ably contains the most significant sequence determi-
nants, preventing this isolate from symptomatically in-
fecting PAN6099.
The pathogenicity determinants of MSV-MatA respon-
sible for it being among the most virulent MSV isolates
ever examined in maize have been mostly localised to a
portion of its genome containing the LIR, MP, and CP.
While increasing the pathogenicity of predominantly
MSV-R2, -Kom, and -VW chimaeras, these MSV-MatA
genome constituents also enabled predominantly
MSV-VW chimaeras to produce a symptomatic infection
of PAN6099. It was apparent, however, that SIR and Rep
sequences probably also contributed somewhat to the
heightened pathogenicity of MSV-MatA relative to the
milder isolates examined. Genetic evidence was ob-
tained for functional interactions between sequence de-
terminants within the MP and CP; the LIR and MP; the
LIR, host factors, and Rep; and the SIR and Rep. While
the exact nature of these interactions remains to be
determined, the results we have obtained are reminis-
cent of those which first demonstrated intergenic region-
Rep interactions in curtoviruses (Stenger et al., 1994) and
movement protein–nuclear shuttle protein interactions in
begomoviruses (Schaffer et al., 1995).
MATERIALS AND METHODS
Virus isolates and maize genotypes
Chimaeras were constructed from the full-length infec-
tious clones of MSV-MatA (described previously as
MSV-AI in Martin and Rybicki, 1998), MSV-Kom, MSV-VW
(obtained from F. Hughes, University of Cape Town), and
MSV-R2 (obtained from M. Peterschmitt, CIRAD, Mont-
pellier, France). Seed of the hybrid maize genotype,
PAN6099, was obtained from D. Nowell (PANNAR, Ltd.,
Greytown, South Africa) and sweet corn (cv. Jubilee) seed
was obtained from Starke Ayres Nursery (Cape Town,
South Africa).
Construction of chimaeric MSV genomes
All chimaeric genomes and constructs derived from
them were generated using standard cloning techniques
(Sambrook et al., 1989). MSV-MatA/Kom and MSV-
MatA/R2 MP, CP, and MPCP chimaeras were con-
structed from full-length infectious clones in pUC19 and
pBluescriptSK (pSK; Stratagene, La Jolla, CA), re-
spectively, by swapping AsuII-XbaI fragments containing
MP genes, the AsuII, and NcoI fragments containing the
CP genes, and the XbaI-NcoI fragment containing the
MPCP genes between MSV-MatA and MSV-Kom or -R2
(Fig. 1; all restriction enzymes were obtained from Boeh-
ringer Mannheim, Mannheim, Germany). MSV-MatA/VW
MP, CP, and MPCP chimaeras were similarly con-
structed from full-length infectious clones of MSV-MatA
and -VW in pSK using XmaI sites flanking their MP
genes, NcoI and XmaI sites flanking their CP and
MPCP genes (Fig. 1).
MSV-MatA/Kom and MSV-MatA/R2 LIR chimaeras
were constructed using an XbaI site within the vector
and an AsuII site 72 nucleotides upstream from the RepA
initiation codon (Fig. 1). The MatLIRMPCPX and XLIRM-
PCPMat (where X refers to Kom or R2) chimaeras were
constructed using the same sites in the previously con-
structed MPCP chimaeras (MatMPCPX and XMPCP-
Mat). MSV-MatA/VW LIR chimaeras were constructed
using the same AsuII site and an EcoRI site within the
vector (Fig. 1). MatLIRMPCPVW and VWLIRMPCPMat
were constructed using these two sites in MatMPCPVW
and VWMPCPMat, respectively.
To enable construction of the MSV-MatA/R2 SIR chi-
maeras, a BglII restriction site was introduced at the 3
end of the MSV-R2 C2 ORF (Fig. 1). This was accom-
plished using the QuickChange Site-Directed Mutagen-
esis Kit (Stratagene) and the PCR primer pair: 5-CA-
GATAGATCTTGATTTTTCG-3 and 5-CAAGATCTATCTG-
TACTGCC-3 (modified nucleotide in bold and BglII site
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underlined). An NsiI-NcoI fragment (Fig. 1) containing the
introduced BglII site (and no other unwanted mutations
as confirmed by sequencing) was used to replace the
corresponding fragment in the genomic clone of MSV-R2
(to produce pR2BglII) and R2MPCPMat (to produce
R2MPCPMatB).
MatSIRX and XSIRMat chimaeras were constructed by
cloning XbaI-BglII (for MSV-MatA/Kom and MSV-MatA/R2
chimeras) or EcoRI-BglII (for MSV-MatA/VW chimeras)
fragments of XMPCPMat and MatMPCPX into the corre-
sponding sites of MSV-MatA and MSV-Kom, -R2B, or
-VW, respectively (Fig. 1). MSV-MatA/Kom and MSV-
MatA/R2 MPCPSIR chimeras were constructed by
replacing the XbaI-BglII fragments of MSV-MatA and
MSV-Kom or MSV-R2B with the XbaI-BglII fragments of
XMPCPMat and MatMPCPX, respectively. VWMPCPSIR-
Mat and MatMPCPSIRVW were constructed by exchang-
ing EcoRI-BglII fragments between MSV-MatA and MSV-
VW.
MatLIRSIRX and XLIRSIRMat clones were constructed
by cloning the BglII-EcoRI (for MSV-MatA/Kom chimae-
ras), BglII-SalI (for MSVMatA/R2 chimaeras), or BglII-XbaI
(for MSV-MatA/VW chimaeras) fragments of MatLIRX and
XLIRMat into the corresponding sites of MatSIRX and
XSIRMat, respectively. MatRepX and XRepMat clones
were constructed by cloning the BglII-EcoRI (for MSV-
MatA/Kom chimaeras), BglII-SalI (for MSV-MatA/R2 chi-
maeras), or BglII-XbaI (for MSV-MatA/VW chimaeras)
fragments of XLIRMat and MatLIRX into the correspond-
ing sites of XMPCPSIRMat and MatMPCPSIRX, respec-
tively.
Generation of agroinfectious constructs
Agroinfectious clones were constructed using to the
method of Palmer (1997). In total, 61 genomes were
dimerised and cloned into either pBI121 (Clontech, Palo
Alto, CA; MSV-MatA/Kom and MSV-MatA/VW chimaeras)
or pBIN19 (Clontech; MSV-MatA/R2 chimaeras). Besides
the 54 chimaeras, these genomes included the wild-type
(wt) MSV-MatA, -R2, -Kom, and -VW genomes and the
mutant MSV-R2B genome. XbaI-EcoRI fragments con-
taining full-tandem repeats of MSV-MatA/Kom and MSV-
MatA/VW chimaeric and wt genomes were cloned from
pUC19 and pSK, respectively, into the XbaI-EcoRI sites
of pBI121. XbaI-XhoI fragments containing full-tandem
repeats of MSV-MatA/R2 chimaeric, wt, and mutant ge-
nomes were cloned from pSK into the XbaI-SalI sites of
pBIN19. Agroinfectious clones were transformed into
Agrobacterium tumefaciens C58C1 [pMP90] (Koncz and
Schell, 1986) using the method of An et al. (1988).
Agroinoculation and symptom evaluation
Agroinoculation was performed as described by Mar-
tin et al. (1999). Each agroinfectious construct was used
to infect both sweet corn (a moderately MSV-susceptible
maize genotype) and PAN6099 (a moderately MSV-resis-
tant maize genotype). Agroinfection experiments with
each maize genotype-agroinfectious construct combina-
tion were carried out on groups of 14 plants and were
repeated at least three times. Seedlings injected with
distilled water served as uninfected controls. Seedlings
were grown under near-uniform conditions in a plant
growth room maintained at 22°C, at 80% relative humid-
ity, with 16 h of light per day.
Pathogenicity was measured in terms of rates of
symptom development, degrees of infection-induced
stunting, and percentages of leaf areas covered by chlo-
rotic lesions in symptomatic plants as described by Mar-
tin et al. (1999). The proportion of plants showing symp-
toms was determined at 3-day intervals between the 5th
and 14th days postinoculation (dpi). For each MSV iso-
late-plant genotype combination, these measurements
were integrated into an infection rate (IR) value calcu-
lated as the mean percentage of symptomatic plants at
the four assessment times. Heights of symptomatic and
uninfected control plants were measured 15 dpi as the
distance from their coleoptilar nodes to the tip of their
fourth leaves. For specific agroinfectious construct-
maize genotype combinations, a value designated S
(representing stunting due to infection) was calculated
as the mean height of symptomatic plants expressed as
a proportion of the mean height of control plants. The
value of 1  S was used to describe stunting. Percent-
age leaf areas covered by chlorotic lesions in symptom-
atic plants was estimated for leaves 2 through 6 using
previously described microcomputer-based image anal-
ysis technique (Martin and Rybicki, 1998). Whereas per-
centage chlorotic areas on leaves 2 and 3 were deter-
mined 15 dpi, those on leaves 4, 5, and 6 were deter-
mined 22, 29, and 35 dpi, respectively.
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